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A B S T R A C T   

Cell-laden bioprinting is a promising biofabrication strategy for regenerating bioactive transplants to address 
organ donor shortages. However, there has been little success in reproducing transplantable artificial organs with 
multiple distinctive cell types and physiologically relevant architecture. In this study, an omnidirectional 
printing embedded network (OPEN) is presented as a support medium for embedded 3D printing. The medium is 
state-of-the-art due to its one-step preparation, fast removal, and versatile ink compatibility. To test the feasi
bility of OPEN, exceptional primary mouse hepatocytes (PMHs) and endothelial cell line-C166, were used to 
print hepatospheroid-encapsulated-artificial livers (HEALs) with vein structures following predesigned anatomy- 
based printing paths in OPEN. PMHs self-organized into hepatocyte spheroids within the ink matrix, whereas the 
entire cross-linked structure remained intact for a minimum of ten days of cultivation. Cultivated HEALs 
maintained mature hepatic functions and marker gene expression at a higher level than conventional 2D and 3D 
conditions in vitro. HEALs with C166-laden vein structures promoted endogenous neovascularization in vivo 
compared with hepatospheroid-only liver prints within two weeks of transplantation. Collectively, the proposed 
platform enables the manufacture of bioactive tissues or organs resembling anatomical architecture, and has 
broad implications for liver function replacement in clinical applications.   
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1. Introduction 

Bioprinting aims to fabricate bioactive tissues or organs using spe
cific living cells for treating diseases or testing modalities [1,2]. Exten
sive efforts have been made to engineer cell types, the cell-material 
niche, and the regeneration methodology [3]. However, direct printing 
of cell-laden bioink to rebuild both functional and structurally intact 
organs or tissues in vitro can be a challenge. Conventionally, 

extrusion-based bioprinting is employed, in which cell-laden bioinks are 
printed layer-by-layer [4,5]. This procedure inevitably restricts the print 
volume and cell numbers [6–8]. Bioink development efforts have sought 
to enhance the self-spanning ability of filaments for volume increments 
by modifying the chemical and rheological properties of the ink mate
rials. Unfortunately, this approach generally compromises cell perfor
mance [9,10]. To overcome these limitations, embedded printing, which 
involves 3D printing within a support medium that counteracts 

Fig. 1. Transplantable and bioactive mini-liver via embedded 3D printing. (A) Schematic illustration of the one-step OPEN preparation utilizing hydrophobic 
association between Pluronic® F-127 (PF127) and hydrophobically modified hydroxypropylmethyl cellulose (H-HPMC). (B) Isolation of PMHs, and 2D proliferation 
and the paired bioink preparation of PMHs and C166. (C) Step-by-step representation of the bioactive mini-liver regeneration process from heterogeneous embedded 
bioprinting in vitro to transplantation in vivo. (D) Images of printed constructs, stained by red or ivory dye. (i) Front view of HEAL, containing a latticed mini-liver and 
cylindrical veins. (ii) Front view of the vein system, including the portal veins and the hepatic veins. (iii) Top view of a printing layer from HEAL without vein. Scale 
bar, 20 mm. (E) A schematic diagram of HEAL printing within OPEN. The PMHs and C166 were then differentiated into matured hepatic spheroids and confluent 
endothelial cells. 
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gravitational force and surface tension, has been applied to print tissues, 
soft robots, biosensors and medical devices [11–14]. This alternative 
method allows for the design and construction of fine and delicate 
structures similar to in vivo structures such as vasculature and cavitation. 
In addition to designing a top-down biofabrication method, specific cell 
sources must be properly selected in order to regenerate target tissues or 
organs. 

Recent advances combining top-down embedded bioprinting with 
bottom-up cellular self-organization have led to the development of 
thick vascularized tissues. Vascularized heart tissue, is of specific in
terest due to its inherent vascular hierarchy [15,16]. Although these 
advances represent a considerable progress in organ printing, they have 
limited ability to simultaneously maintain cell function and reproduce 
tissue structures, both in vitro and in vivo, thereby restricting their po
tential as transplant alternatives. Additionally, hollow organs like the 
heart and intestine are easier to construct than parenchymal organs, 
such as the liver and kidney, because parenchymal organs perform full 
physiological functions that require appropriate cell resources, 
completed cell-extracellular matrix (ECM) integration, and vasculari
zation [17]. For example, liver cell populations consist of parenchymal 
and non-parenchymal cells. Hepatocytes represent approximately 70 % 
of liver cells and perform the primary physiological functions of liver 
[18]. Due to the complexity of liver, most research in liver 3D printing 
has focused on acellular surgical model reconstruction for preoperative 
visualization [19]. Recently, our research group Huang et al. found that 
3D self-assembled mini-livers, prolonged the survival rate in mouse 
models of liver failure [20]. This study advanced 3D liver tissue as a 
treatment option for liver diseases [21]. Other advanced work in our lab 
regarding liver-based cell 3D includes in vitro carcinoma models 
reconstruction [22–24]. 

In this study, we aimed to construct three-dimensional, functional, 
and transplantable hepatospheroid-encapsulated-artificial livers 
(HEALs) via embedded bioprinting using self-organizable hepatocyte 
building blocks. The embedded printing procedure includes two steps: 
ink is extruded within a support to form the design construct, after 
which the supporting medium is removed to retain the desired structure 
[14]. The removal step is usually difficult to perform without disrupting 
the print structure, especially when the prints possess delicate vascula
ture constructs [12,13,25,26]. To achieve complex organ printing, we 
developed a polymer network based on hydrophobic interactions as the 
support medium. The key features of our proposed support medium, 
called an omnidirectional printing embedded network (OPEN), include: 
simplicity of preparation, straightforward support removal, and 
compatibility with different bioinks, while maintaining supporting sta
bility, precise printing ability, and biocompatibility [27](Fig. 1A). 
Gelatin-methacrylate (GelMA) was then combined with OPEN to create 
cell-laden prints for tissue reconstruction. We used primary mouse he
patocytes (PMHs) as the hepatic cell building block for liver function 
reconstruction, with an originated culture medium that could induce 
hepatic spheroid formation in vitro [20]. To create cell-laden vein 
structures and induce post-transplantational vascularization, a mouse 
endothelial cell line, C166, was encapsulated within the GelMA as a 
vein-bioink (Fig. 1B and C). The resulting printed liver is termed HEAL 
(Fig. 1D). The printing paths of each HEAL layer were predesigned based 
on segmental liver anatomy so that dual nozzle printing could accurately 
reconstruct liver segments and veins accordingly (Fig. 1E). We demon
strated functional hepatocyte spheroid formation with marker protein 
expression and hepatic function in vitro. In addition, gene expression of 
printed hepatospheroids exhibited better resemblance to freshly isolated 
PMHs than conventional hepatocyte cultures, implying a higher poten
tial for using HEALs in orthotopic liver transplantation. We also 
demonstrated that HEALs were transplantable and could substantially 
induce endogenous neovascularization by recruiting endothelial cells 
and growth factors. 

2. Materials and methods 

2.1. Embedding network, washing agent, and ink preparation 

To create OPEN, 12.5 wt% (weight percentage for all materials, 
unless otherwise noted) Pluronic® F-127 (PF127, Sigma-Aldrich) was 
dissolved in phosphate buffered saline (PBS) at 4 ◦C overnight until 
complete solubilization. 2.5 wt% hydrophobically modified hydrox
ypropylmethyl cellulose (H-HPMC) (Sangelose 90L, Daido Chemical 
Co.) was gradually added to liquid PF127 with vigorous stirring in an ice 
bath to avoid clogging. The mixture was loaded into 50 mL conical tubes 
and centrifuged at around 1000 rpm for 1 min to remove any air bub
bles. The blend was carefully transferred to acrylic boxes as printing 
chambers. The alpha-cyclodextrin (a-CD) powder was solubilized in PBS 
with vigorous stirring as paired polymer removal material. For bio
printing within OPEN, 12.5 wt% PF127 solution and 5 wt% a-CD solu
tion were sterilized through 0.22 μm filters prior to mixing or further 
usage. 2.5 wt% H-HPMC powder and acrylic boxes were Ultraviolet 
(UV) irradiated overnight. 12.5 wt% GelMA was prepared by adding 
sterile saline to lyophilized GelMA polymer (SunP Gel G1, SunP Biotech 
Co.) and placed in a 70 ◦C water bath until complete dissolution. The 
liquefied GelMA was sterilized through 0.22 μm filters before being 
dispensed in Eppendorf tubes for storage at 4 ◦C. 

2.2. Rheology measurements 

The rheological characterizations of OPEN were obtained on a 
rotational rheometer (Discovery HR-2, TA instruments) using a 50 μm 
gap and a parallel plate of 40 mm diameter. The samples were trans
ferred onto the test plate and heated from 0 to 40 ◦C with a ramp of 2 ◦C/ 
min for temperature sweeps to study storage and loss moduli behavior as 
a function of temperature. Steady shear rate sweeps were conducted to 
measure the viscosity and yield stress of the polymer network at varying 
shear rate ranging from 0.01 to 1000 s− 1. To measure the self-healing 
ability, step-strain measurements were performed. A high strain 
magnitude (200 %) was applied to samples for 30 s followed by applying 
a low strain magnitude (1 %) for the same amount of time repeatedly at 
30 ◦C. The removal ability of the washing agent was evaluated by the 
viscosity drop with a-CD additive, following steady shear rate sweeps 
excepted ranging from 0.1 to 1000 s− 1. 

2.3. Morphology characterization and pore size calculation 

The surface morphology of OPEN was observed using scanning 
electron microscopy (SEM, SU-8010, Hitachi) and environmental scan
ning electron microscopy (ESEM, ProX, Phenom) in dehydrated status at 
5 kV and hydrated status at 15 kV, respectively. The hydrogel was 
freeze-dried in a vacuum chamber overnight and sputter-coated with 
gold before SEM imaging. The SEM and ESEM images were used to 
determine the distribution of pore sizes of OPEN by image analysis 
software (ImageJ, NIH). Transmission electron microscopy (TEM) 
samples were prepared by depositing hydrogel on glow-discharged 
carbon-coated TEM grids. After complete drying under room condi
tions, the specimens were imaged by the TEM (JEM-1400 Plus, JEOL). 

2.4. Isolation of primary mouse hepatocytes and cell culture 

The isolation and subculture protocol of PMHs were reported [28]. 
Briefly, PMHs were isolated from C57BL/6 mice following a modified 
two-step collagenase perfusion method. Prewarmed liver perfusion 
medium (Gibco) was injected into the liver through a catheter in the 
inferior vena cava at a rate of 6–8 ml/min. The portal vein was imme
diately cut off after 2–3 ml of perfusion, whereas the total perfusion 
volume was controlled around 40 ml. Then, a prewarmed digestion 
medium containing 0.5 mg/ml collagenase type I (Sigma) was perfused 
at a similar rate for another 5 min. Air bubbles were avoided during the 
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liver perfusion. The perfused liver was stripped from the peritoneal 
cavity post digestion, cutted into pieces, and filtered through a 70 mm 
filter. Centrifugation was then performed to separate hepatocytes at 50g 
for 5 min, repeated 3 times. After removal of the supernatant, the cells 
were resuspended in RPMI 1640 medium (HyClone) with 10 % fetal 
bovine serum (FBS, Gibco), and the suspension were inoculated into 
dishes pre-coated with rat tail type 1 collagen (Gibco) at density around 
2 × 104/cm2. Unattached cells were aspirated after 6 h by replacing the 
medium with hepatocyte maturation medium as previously reported 
[20]. PMHs were subcultured in a 5 % CO2 incubator at 37 ◦C with 
medium change every 48 h, and passaged every 5–7 days at 1:3 ratio. 
The endothelial cells, namely C166 (BeNa Culture Collection) and 
human umbilical vein endothelial cells (HUVECs) (BeNa Culture 
Collection), were cultured in high-glucose Dulbecco’s Minimal Eagle 
Medium (DMEM, Gibco) supplemented with 10 % FBS (Gibco) and 1 % 
penicillin/streptomycin (Gibco) at 37 ◦C under 5 % CO2, and passaged 
prior to reaching 90 % confluence with medium change every other day. 
All cells were harvested by 0.25 % trypsin (Invitrogen) for further 
applications. 

Bioprinting and acellular printing of HEALs with veins within OPEN, 
the sequential washing process, and imaging of artificial livers. 

3D models of HEALs were generated using 3DS MAX (Autodesk) 
following the Couinaud’s liver segmentation by hepatic vein and portal 
vein. The digital HEAL models were further converted to STL file format 
by RepetierHost software. Hepatocytes were harvested with an initial 
concentration of 1 × 108 cells/ml, while the C166 cells were harvested 
with an initial concentration of 5 × 107 cells/ml. To bioprint cell-laden 
HEALs with veins, 12.5 % GelMA solution, 2.5 % LAP solution, and 1 ×
108 cells/ml of hepatocytes suspension or 5 × 107 cells/ml of C166 
suspension were mixed following 8:1:1 ratio at 37 ◦C, respectively. The 
final composition of printable bioink was 10 % GelMA, 0.25 % LAP, and 
1 × 107 cells/ml of hepatocytes or 5 × 106 cells/ml of C166. In addition, 
to print acellular constructs, simply replacing the cell suspensions with 
PBS stained by different dyes to distinct hepatic and vessel components. 
Here, we chose a red painting dye to represent the bioprinted liver 
component, whereas an ivory dye for the hepatic and portal veins. The 
inks were then loaded into syringes with 24G needles, The 24G needle, 
with a diameter of 0.55 mm, is employed for its compatibility with the 
rheological properties of GelMA, taking into account the bioink’s po
tential expansion post-extrusion. And the syringes loaded with inks 
cooled at 4 ◦C for 20 min until complete physical gelation. The syringes 
were mounted into the extruders on the 3D printer (BioMaker 2, SunP 
Biotech) with temperature set to 20 ◦C, while the sterile acrylic box filled 
with OPEN was firmly placed on the printing bed with temperature set to 
30 ◦C. The accuracy of bioprinting process is ensured by the precision of 
the BioMaker2 printer and the inherent properties of the GelMA bioink. 
The BioMaker2’s motor resolution is defined as the minimum step size it 
can execute, which is 5 μm, offering fine control over the positioning of 
the print head. Upon completion of the printing process, the box con
taining HEAL was UV irradiated for 30 s to crosslink the printed con
structs. The crosslinked structure was carefully transferred into a 6 well 
plate filled with sterile 3 or 5 % a-CD solution. The structure was gently 
shaken by a tweezer to remove the surrounding embedded polymer. It 
was then transferred into a new 6 well plate and cultured at 37 ◦C under 
5 % CO2 with mature hepatocyte culture medium changing every 48 h. 
To image the dyed acellular artificial livers or the vein system, the 
washed structures were loaded into acrylic boxes with 20 % PF127 so
lution in low temperature. The box was then heated up to 30 ◦C to so
lidify the transparent Pluronic solution supporting the embedded HEALs 
for visualization. 

2.5. Cell viability assay 

To assess the viability of hepatocytes within a printed HEALs 
composed of crosslinked GelMA strands, a fluorescent live/dead assay 
was conducted following manufacturer’s instructions. A mixture of 

calcein-AM (1 μmol/L, Sigma) and propidium iodide (PI) (2 μmol/L, 
Sigma) was freshly made prior to staining. The 3D printed HEALs were 
gently washed with PBS three times, and immediately incubated with 
the calcein-AM/PI mixture for 15 min at room temperature, avoiding 
any light exposure. After incubation, they were gently washed again 
with PBS for at least three times prior to fluorescent image acquisition 
under a laser scanning confocal microscope (C2/C2si, Nikon). The 
number of living and dead cells were calculated from independent field 
images from at least 6 biological replicates by ImageJ. Hepatocyte 
viability was assessed at day 1, 4, 7, 10, 14 and 21 post printing. To 
evaluate the biocompatibility of OPEN, HUVECs were harvested at 1 ×
106 cells/ml, seeded on top of the polymer mixture, and cultured for 24 
h. The live/dead staining process followed the aforementioned assay 
determining viability at hour 0, 3, 6, 12 and 24 post inoculation. 

2.6. Immunofluorescence staining 

Samples were fixed in 4 % paraformaldehyde for 20 min at room 
temperature, gently washed with PBS three times, and permeabilized 
with 1:200 Triton X-100 (Sigma) for 30 min. They were then blocked by 
3 % Bovine serum albumin (BSA, Sigma) for 60 min at room temperature 
and washed with PBS three times. Next, the samples were stained with 
the following primary antibody solution overnight at 4 ◦C: chicken anti- 
albumin (anti-ALB, Abcam), rabbit anti-glutathione S-transferase (anti- 
GST, Abcam), anti-alpha-1-antitrypsin (anti-AAT, H7, Santa Cruz), 
mouse anti-CD31 (Abcam), anti-E-Cadherin (BD), rabbit anti- 
cytochrome P450 2E1 (anti-CYP2E1, Sigma), anti-cytochrome P450 
3A4 (anti-CYP3A4, Homology to CYP3A11, Santa Cruz) and rabbit anti- 
multidrug resistance protein 2 (anti-MRP2, Abcam). All samples were 
rewarmed at room temperature for 30 min prior to primary antibody 
removal. The samples were washed with PBS three times and incubated 
with the following secondary antibody solution for 60 min at room 
temperature and protected from light: goat anti-mouse IgG Alexa Fluor 
488 (Abcam), goat anti-rabbit IgG Alexa Fluor 488 (Abcam), goat anti- 
mouse IgG Alexa Fluor 594 (Abcam), goat anti-rabbit IgG Alexa Fluor 
594 (Abcam), and goat anti-chicken IgG Alexa Fluor 594 (Abcam). The 
samples were washed 3 times followed by applying DAPI (Sigma) so
lution for 5 min or phalloidin conjugated to Alexa Fluor 488 (Servicebio) 
at room temperature depending on purpose. Sample observations were 
done by a laser scanning confocal microscope (C2/C2si Nikon) and 
photographed. 

2.7. DiL-ac-LDL staining, periodic acid-schiff staining, and indocyanine 
green uptake and release assay 

The hepatocyte laden samples were stained by dil-labeled acetylated 
low-density lipoprotein (DiI-ac-LDL, Invitrogen) following manufac
turer’s instructions. For the periodic acid-Schiff (PAS, Sigma) staining 
and indocyanine green (ICG, Sigma) uptake experiments, samples were 
first lysed by GelMA Lysate (SunP Biotech) at 37 ◦C on a rotary shaker 
following manufacturer’s instruction. The mixture solution was filtered 
through 70 μm filters and centrifuged to collect hepatocytes for next 
steps. The isolated cells were stained with periodic acid-Schiff as per the 
manufacturer’s instructions. As for the indocyanine green (ICG, Sigma) 
uptake experiments, the mature hepatocytes were incubated in the 
medium supplemented with ICG (1 mg/ml) at 37 ◦C for 60 min, and then 
washed with PBS three times to observe the update of ICG by micro
scope. The dyed cells were again incubated at 37 ◦C for 6 h, and washed 
3 times with PBS to obtain ICG release from hepatocytes by microscope. 

2.8. RNA extraction and quantitative real-time polymerase chain reaction 
(qPCR) 

The printed samples were lysed by GelMA lysate at 37 ◦C on a rotary 
shaker for 45 min. The hepatocytes were collected by centrifugation 
after being filtered through 70 m filters to remove bioink residues. Three 
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different samples were used in each group. Total RNA was isolated from 
cells with the Trizol (Invitrogen) according to the manufacturer’s in
structions. 1 μg of RNA was reverse transcribed using a ReverTra Ace 
qPCR RT Master Mix with gDNA Remover Kit (Toyobo) in a 20 μl re
action. The qPCR was performed using the TransStart Tip Green qPCR 
SuperMix (TransGen Biotech) according to the manufacturer’s in
structions. The Delta-Ct method was used to calculate the relative RNA 
expression levels. The sequences of the primers used are given in the 
Primer Table in Supporting Table 1. 

2.9. mRNA sequencing and analysis 

The mRNA-seq analysis was carried out at Allwegene Technology 
Inc. (Beijing, China). The length of the RNA fragments was measured 
using the Agilent 2100 Bioanalyzer Instruments (Agilent, USA). The 
cDNA library was subsequently constructed using PCR amplification. 
RNA-seq using the PE150 sequencing method was carried out on the 
Illumina second-generation high-throughput sequencing platform. 
Then, adapters or reads with poor quality were filtered out. The align
ment of transcriptomes and the analysis of transcript splicing were 
carried out separately on clean reads data using the Star and Cufflinks 
software (Ghosh and Chan, 2016). HTSeq software (Princeton Univer
sity, USA) was used to examine the gene expression levels of each 
sample, using the union counting model. The gene expression was 
determined using a cutoff value of FPKM >1. 

2.10. 3D printed body transplantation and neovascularization 
experiments 

SPF-grade C57BL/6J male mice (6–8 weeks) were purchased from 
SiPeiFu Biotechnology Ltd. All animal procedures were performed in 
accordance with the National Institutes of Health guidance and were 
approved by the Committee and Institutional Review Board of the 
Peking Union Medical College and Hospital (No. XHDW-2023-076). For 
the in vivo transplantation, the HEALs were transplanted into the iliac 
fossa of the abdominal cavity. All procedures were performed under 1 % 
pentobarbital sodium anesthesia. All animals were maintained in path
ogen free conditions at room temperature with free access to food and 
water. 

Two weeks after transplantation of the 3D printed models into mice, 
1 % fluorescein-dextran isothiocyanate (Sigma) was injected through 
the tail vein. The mice were then anesthetized and dissected to remove 
the neovascularized implants. The explanted printed tissues were either 
thoroughly washed with PBS for immunofluorescence staining as 
described above or fixed in 10 % formalin overnight prior to paraffin 
embedding for immunohistochemical staining. The quantitative angio
genesis analysis of implants was performed by AngioTool software (NIH) 
using a vessel thickness of 2 and a small particle filter of 20. 

2.11. Histology and immunohistochemistry 

Samples were fixed in 4 % paraformaldehyde and embedded in 
paraffin using standard procedures. Embedded specimens were cut into 
5 μm thick paraffin sections following standard procedures. The sections 
were deparaffinized and dehydrated with xylene and anhydrous ethanol 
before immunohistochemical staining. They were then incubated in 3 % 
H2O2 and blocked for 20 min in 5 % goat serum. Next, they were stained 
with anti-CD31 (Invitrogen, 14-0311-82), anti-ALB (Invitrogen, MA5- 
32531), anti-AAT (Invitrogen, MA5-51077), anti-CYP2E1 (Invitrogen, 
MA5-32605) primary antibodies overnight at 4 ◦C. The next day, sam
ples were incubated with the HRP-conjugated secondary antibody, fol
lowed by DAB staining. Dried and sealed slides were observed and 
imaged by microscope. 

2.12. Statistical analysis 

All data are shown as mean ± standard deviation. For most statistical 
assessments, the unpaired Student’s t-test was applied in this study. 
Statistical analyses and plots were performed using GraphPad Prism 9. 
Differences were considered statistically significant if the p-value was 
less than 0.05. For all statistics, data from at least three independent 
samples or replicate experiments were used. 

3. Results 

3.1. Design and fabrication of the omnidirectional printing embedded 
network (OPEN) 

There are two types of existing support medium: granular gel me
dium or bulk gel medium. Typical examples of the former are gelatin 
particles or Carbopol, which are limited by fabrication complications, 
working temperature window, and ionic sensitivity [11,12]. Bulk gel 
mediums, while easy to prepare, can be challenging to remove due to the 
difficulty in adjusting the medium’s viscosity, which is necessary for the 
successful removal of the support medium from the construct [25,26]. In 
order to combine the ease of printing of a bulk gel medium with the ease 
of removal of a granular gel medium, we designed a supporting medium 
based on hydrophobic interactions [27]. This OPEN was formed by 
combining two FDA-approved and commercially available materials in a 
one-step mixing process. The materials used are H-HPMC and PF127 
(Fig. 2A–i). Previous work showed that the Pluronic diblock copolymer 
alone is incompetent as a support material for free form writing, because 
the PF127 micelle entangled network is a non-recoverable hydrogel that 
can cause crevasse formation after nozzle movement [29]. Additionally, 
structures printed into PF127 suspensions sag due to PF127’s 
liquid-dominated properties in the non-entangled micelle or unimer 
status. To overcome the limitations of PF127 alone, we hypothesized 
that the PF127 non-entangled micelle suspension can be leveraged with 
a hydrophobic polymer to form a supportive and recoverable network 
for omnidirectional 3D printing by physical crosslinking. To test this 
hypothesis, we selected biocompatible H-HPMC because the high den
sity of hydrophobic moieties in low H-HPMC concentrations, promotes 
physical interactions between the hydrophobic core of PF127 micelles 
and the hydrophobic stearyl groups at the hydroxypropyl ends of 
H-HPMC (Fig. 2A–ii) [30,31]. After optimizing the component ratio of 
H-HPMC and PF127, we then determined that a-CD, also FDA approved, 
functions as an efficient removal agent. Application of a-CD to OPEN 
polymer networks promptly decreases network viscosity via a guest-host 
interaction between the hydrophobic inner cavity of a-CD (host) and the 
hydrophobic stearyl groups of H-HPMC (guest) [28,32]. Alone, the 
structure of a-CD resembles a hollow cone that is hydrophobic inside and 
hydrophilic outside. When H-HPMC is present, most of the side chains 
are encapsulated by the hydrophobic inner surface of a-CD, forming a 
rotaxane complex. This complex disrupts hydrophobic interactions 
among H-HPMC side chains, and hence the entire OPEN gel, causing the 
viscosity of OPEN decreasing [28,32] (Fig. 2A–iii). 

We optimized OPEN’s rheological properties to maximize its sup
porting ability by adjusting the weight percentages of Pluronic and H- 
HPMC. Temperature sweeps were performed on OPEN gels, starting 
from 15 wt% Pluronic, which is the maximum concentration before 
losing the non-entangled micelle structures, and 2.5 wt% H-HPMC, 
considering that the solubility limit of H-HPMC alone is around 3 wt% 
[33]. OPEN gels based on 12.5 wt% Pluronic exhibited stable solid 
properties and tunable moduli within the desired temperature window 
ranging from room temperature to body temperature which is suitable 
for bioprinting (Fig. 2B). Other compositions, such as 5 wt% and 10 wt% 
Pluronic, showed fluid-dominated properties, while 15 wt% Pluronic 
exhibited low moduli tunability (Supplementary Fig. 1A). We next 
characterized network formation in 12.5 wt% Pluronic-based OPEN gels 
by measuring gel yield stress and recoverability. As the H-HPMC 
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Fig. 2. Systematic characterization of OPEN formation and liquification via rheology, morphology and compatibility evaluation. (A) Schematic diagram of 
OPEN formation and thinning mechanisms. (i) The unimer PF127 and H-HPMC are homogeneously mixed to form liquid phase mixture at a temperature lower than 
the critical micellization temperature. (ii) The mixture is heated up to form the hydrophobic associated network for embedding printing. (iii) After printing, α-CD is 
utilized to change the network’s hydrophobicity, leading to the liquification of polymer network. (B) Temperature sweep of mixture with 12.5 % PF127 and various 
H-HPMC concentration, indicating the temperature dependent sol-gel transition given by H-HPMC. (C) Desired yield stresses for printing (<100 Pa) are achieved by 
adding 1.5 or 2.5 % H-HPMC. (D) Step-strain measurements demonstrate the self-healing property of the polymer network. (E) SEM image of OPEN shows its porous 
network structure with average pore size lower than 20 μm. Scale bar, 100 μm. (F) TEM images of OPEN exhibit H-HPMC microfibrils associating around randomly 
distributed PF127 micelles. Scale bar, (i) 100 nm and (ii) 500 nm. (G) Biocompatibility of OPEN is assessed by a viability assay of cell-material direct contact within 
24 h. A high cell survival rate is observed within 6 h n ≥ 6 for biological replicates. (H) (i) OPEN viscosity can be drastically decreased by adding 3-5 wt% α-CD. (ii) 5 
wt% of α-CD drops the viscosity of H-HPMC similarly, confirming that H-HPMC plays a vital role in the proposed guest-host reaction. (I) SEM image of liquified 
OPEN, showing ruptured structure of the porous polymer network. Scale bar, 100 μm. 
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concentration increased (i.e. more hydrophobic moieties), higher yield 
stress and viscosity were observed, confirming a stronger hydrophobic 
association within the network [30,32]. Both 1.5 wt% and 2.5 wt% 
H-HPMC gels showed yield stress values under 100 Pa (Fig. 2C and 
Supplementary Fig. 1B). To investigate self-healing in OPEN gels, a high 
strain magnitude (200 %) was applied to disrupt network formation, 
followed immediately by regaining 1 % of strain (Fig. 2D). These two gel 
concentrations exhibited similar self-recovery properties within sec
onds. However, the network with the higher H-HPMC ratio demon
strated better storage modulus recovery over cycles of destruction and 
reformation. Therefore, we determined that 12.5 wt% Pluronic plus 2.5 
wt% H-HPMC is the optimum composition for OPEN preparation based 
on its printing temperature window, supportive ability, and 
self-recovery. An evaluation of the network’s supporting stability, 
printing precision, and compatibility with various crosslinking strate
gies is reported elsewhere [27]. 

Herein, we aim to explore the internal morphology of the gel 
network to elaborate its supporting mechanism. To probe the hydro
phobic interactions associated with network formation, we examined 
the microscopic structure of OPEN. SEM images revealed that OPEN gels 
self-assemble into structures with near-uniformly distributed pores less 
than 20 μm in diameter on average (Fig. 2E and Supplementary Fig. 2A). 
However, OPEN gels made with a low concentration of either Pluronic 
or H-HPMC failed to assemble porous networks and demonstrated 
amorphous morphology (Supplementary Fig. 2B i-iii). Slightly reducing 
the concentration of H-HPMC to 1.5 wt% in a 12 wt% Pluronic based 
OPEN would give a heterogenous distribution of the pore sizes, which 
resulted in a lower yield stress and recovery ability compared to the 
optimum OPEN composition (Supplementary Fig. 2B iv). ESEM also 
confirmed that the majority of network pore sizes in its hydrated state 
are less than 20 μ m. (Supplementary Fig. 3A). The highly inter
connected nature of H-HPMC fibers was also visualized (Supplementary 
Fig. 3B). In order to understand the formation and self-healing mecha
nism of OPEN, we have also looked into the multi-level molecular ar
chitecture of H-HPMC fibers through TEM [34,35]. The H-HPMC 
microfibrils exhibit flexible and high-aspect-ratio filaments in nanoscale 
(Supplementary Fig. 3C). The microstructure of PF127 micelles has been 
well investigated in the literature that they are highly homogenous 
spheres of approximately 20 nm in diameter [36,37]. As a hydrogel 
mixture of PF127 spherical micelles and H-HPMC fibrillar polymer, we 
hypothesized that the non-covalent interactions between the hydro
phobic segments of PF127 micelles and the hydrophobic side chains of 
H-HPMC microfibrils regulated the self-assembling and shear-thinning 
properties [30,38]. The typical interactions between micelles and fi
brils were shown in the TEM image that the H-HPMC microfibrils are 
assembled at randomly distributed PF127 micelles (Fig. 2F). During 
printing, the nozzle severed the porous OPEN gel as the shear stress 
caused by the nozzle exceeded the OPEN’s yield stress. Meanwhile, 
bioink was deposited filling in crevasses. A rapid self-healing process 
took place after shear stress removal, due to the transient and reversible 
interactions between PF127 micelles and stearyl groups from H-HPMC 
[39–41]. Additionally, since OPEN is designed for bioprinting, we 
evaluated OPEN’s biocompatibility through cell seeding. Cells remained 
viable (>97 %) for at least 6 h, which is longer than the printing process 
(Fig. 2G and Supplementary Fig. 4). 

Furthermore, we observed efficient thinning behavior by 3-5 wt% a- 
CD additives (Fig. 2H and i), indicating that OPEN is easy to remove 
once printing is complete. Excessive dilution by solvent is often used as a 
common removal method for other support mediums, but does not 
effectively reduce the viscosity of OPEN. The drastic viscosity drop of 
OPEN constructs when a-CD is present, and not when more solvent is 
added, demonstrates that OPEN removal is specific, controlled, and only 
occurs via hydrophobicity inversion between H-HPMC and a-CD 
(Fig. 2H and ii). We verified a-CD’s ability to destroy the porous OPEN 
gel and thereby cause OPEN thinning by imaging the disintegrated 
network and remaining partial pore structures post-washing (Fig. 2I). 

3.2. Design and printing of HEALs 

To establish a universal printing protocol for organ or tissue printing 
using OPEN, it is necessary to first determine a compatible bioink. We 
selected GelMA, a widely adopted photocrosslinkable collagen-like 
extracellular matrix protein commonly used in bioprinting (Supple
mentary Fig. 5). Photocrosslinkable bioink is particularly useful because 
it does not require specific crosslinking conditions or the presence of 
additional crosslinkers within the bioink [42]. Using GelMA and OPEN, 
we determined the best means of printing a functional organ with vein 
structures. Our protocol is optimized for 3D-printed HEALs, due to the 
need for liver transplant alternatives [43–47]. And liver bioprinting with 
additional liver architecture using GelMA/OPEN is also believed to 
greatly facilitate the potential application of bioengineering trans
plantation. To design a printing path resulting in a liver structure, we 
adopted Couinaud’s human liver segmental anatomy as guidance for 
hepatic vein design, including the hepatic veins and the main portal vein 
(Supplementary Figs. 6A and 6B). Thick tissue or organ reconstruction is 
challenging in conventional printing due to volume restriction and 
limited mass transfer in the absence of perfused vasculature. To leverage 
the design freedom provided by embedded printing, we allocated a 
lattice printing pathway for the liver and a circular printing pathway for 
the vasculature (Supplementary Fig. 6C). A steric lattice design was used 
to optimize oxygen and nutrient transport by alternatively depositing 
horizontal and vertical filaments for each single layer [48]. Steric lattice 
design also ensures equivalent filament-to-filament distance within the 
print, which is not possible in conventional printing due to gravitational 
restriction. One can also control printing parameters such as grid layout, 
grid density, and strand width to tailor the resulting construct for each 
tissue (Supplementary Fig. 7). Combining with endothelial cell-laden 
tubular vein constructs, we printed an artificial liver model with the 
major vein systems for further biomedical assessments. 

3.3. Biocompatibility and activity of mouse hepatocytes in HEAL 
constructs 

In order to promote liver functions in cells within HEAL constructs, 
printed PMHs were cultivated with specific culture medium in order to 
assemble into hepatospheroids [20] (Fig. 3A). We first cultured HEAL in 
vitro for 21 days to investigate the viability of PMHs. High viability (>90 
%) after 10 days and relatively high viability (>80 %) after 21 days in 
vitro were observed (Fig. 3B and Supplementary Fig. 8). To determine 
cell activity in the printed constructs, we analyzed hepatospheroid 
morphology and hepatic marker protein expression using immunofluo
rescence staining. Hepatorgnoids exhibited high ALB and AAT fluores
cence after 10 days cultivation (Fig. 3C and D and Supplementary 
Fig. 9), indicating liver function. Encapsulated PMHs self-organized into 
spheroidal constructs throughout the HEAL print and acquired the 
characteristic polygonal shape of functional hepatocytes [49]. Hep
atospheroids also expressed the following hepatic metabolism marker 
proteins without further induction: GST, MRP2, and CYP enzymes 
(Supplementary Fig. 10). 

Functionally, hepatospheroids exhibited hallmark abilities of mature 
hepatocytes. The cells imported Dil-ac-LDL into the cytoplasm and 
stained positive by PAS staining, demonstrating glycogen storage ability 
(Fig. 3E and F). Furthermore, the ICG uptake and release assay revealed 
the cells’ functional status (Fig. 3G). Additionally, the presence of in
termediate layers within a 10-day-old HEAL, showed functional protein 
secretion prior to transplantation. (Supplementary Fig. 11). 

To further support the notion that hepatospheroids in HEAL exhibit 
hepatic functions, in addition to analyzing morphology and functional 
activity, we accessed fundamental liver-specific gene expression using 
qRT-PCR. We hypothesized that PMHs in HEAL benefit from steric lat
tice design, since oxygen and nutrients can freely diffuse throughout the 
construct due to assured uniform filament-to-filament distance [50]. To 
this end, we analyzed two groups of PMHs: (1) PMHs in 2D culture and 

Z. Jiang et al.                                                                                                                                                                                                                                    



Biomaterials 311 (2024) 122681

8

Fig. 3. In vitro characterizations of the encapsulated hepatospheroids. (A) Self-organization of PMHs into hepatospheroids in vitro. (B) Live/dead assay of 
printed PMHs demonstrates a good viability rate (>80 %) over 21 days of culturing. n ≥ 6 for biological replicates. (C) Confocal (z stack, left) and plane (right) 
images of mature hepatospheroids. Scale bar = 100 μm. (D) Confocal z stack images of hepatospheroids in GelMA bioink. Left and middle: AAT (green), ALB (red) 
and DAPI (blue). Right: GST (red), F-actin (green) and DAPI (blue). Scale bar = 20 μm. (E) Glycogen storage illustrated by PAS staining. Scale bar, 200 μm. (F) Low 
density lipoprotein uptake determined by Dil-ac-LDL fluorescent staining. Scale bar, 100 μm. (G) ICG uptake and release within 6hr. Scale bar = 100 μm. (H) 
Expression of hepatic marker gene detected by qPCR analysis over 10 days of culturing. Data are presented as mean ± SD. Statistical significance was determined 
using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.01, ****P < 0.005, ; n = 3 biological replicates. (I) Principal components analysis of the 12 samples. Each dot 
represents an individual sample. K-means clustering is denoted by the color of the dots (k = 4). (J) Heatmap showing the hierarchical clustering of the liver 
development/liver morphogenesis-associated gene expression in PMHs (n = 3), HEAL (n = 3), 2D (n = 3) and 3D (n = 3). 
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(2) PMHs 3D cultured in bulk or HEAL matrix. Gene expression patterns 
from freshly isolated PMHs was harnessed as the control group of 
functional hepatocyte gene expression. For cells cultured in HEAL for 10 
days, the expression level of essential hepatocyte specific genes, such as 
Alb and Aat, was 40 % of that of freshly isolated PMHs. Other hepatic 
marker genes, including Ferroportin (Fpn), Cytokeratin 8 (Krt8) and 
Cytokeratin 18 (Krt18), were expressed in significantly higher levels 
within HEAL constructs than those in 2D, bulk 3D, and even the PMHs 

control group. Similar results were observed for cytochrome P450, 
family 2, subfamily e, polypeptide 1 (Cyp2e1) and cytochrome P450, 
family 3, subfamily a, polypeptide 11 (Cyp3a11, human CYP3A4 
equivalent) expression, indicating cytochrome P450 metabolism in 
HEAL constructs. Collectively, these results suggest that hepatosphe
roids in HEAL exhibited improved liver function compared to those in 
2D and 3D bulk culture conditions (Fig. 3H). To systematically assess the 
gene expression profiles of hepatospheroids in HEAL, and interrogate 

Fig. 4. In vivo neovascularization of the HEAL transplants with or without vein structures. (A) Schematic diagram of endogenous neovascularization through 
the reserved interspace between hepatospheroid-laden strands. (B) Bright field image of vascularized HEAL after 14 days transplantation, showing the angiogenesis 
over the free space of printed latticed construct. Scale bar, 20 mm. (C) Fluorescent dextran infusion through tail vein injection, displaying functional neovessels 
within the transplant. Scale bar, 200 μm. (D) Fluorescent images of neovessels on AAT positive transplant parts, showing vascularization from the host into printed 
HEAL transplants. (i) Neovascularization of HEAL without veins. (ii) Neovascularization of HEAL with veins. Scale bar, 500 μm. (E) Quantification of vascular density 
and total vessel length of HEAL with or without veins, respectively. (i) HEAL with veins demonstrate 10 % increase in average vessel density compared to HEAL 
printing alone. (ii) Total vessels length of HEAL with veins increases around 1.6-fold compared to HEAL printing alone. Data are presented as mean ± SD. Statistical 
significance was determined using an unpaired two-tailed t-test. *P < 0.05, ***P < 0.01; n = 6 biological replicates. (F–G) Confocal (z stack, left) and plane (right) 
images of neovessels on top of hepatic marker (ALB and AAT) positive transplant components. ALB or AAT (red), Neovessels (green) and DAPI (blue). Scale bar =
200 μm. (H) Confocal (z stack, left) and plane (right) images of neovessels on top of vascular marker CD31 positive transplant components. CD31 (red), Neovessels 
(green) and DAPI (blue). Scale bar = 200 μm. (I) CD31 and ALB immunohistochemical staining of transplant slides, confirming the maintained hepatic function and 
significant neovascularization within transplanted HEAL. 
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the difference between HEAL and 2D, 3D cultures, we performed bulk 
mRNA sequencing. Fig. 3J shows the heatmap of 83 hepatic 
function-associated genes (liver development/GO:0001889 and liver 
morphogenesis/GO:0072576). The hepatic gene expression pattern of 
HEAL closely resembled that of freshly isolated PMHs (Fig. 3I and J). 
Notably, expression of key hepatocyte transcription factors, such as Jun, 
Cebpa, Cited2, Runx1 and Otc, was high in both freshly isolated PMHs 
and HEAL, but not in 2D or 3D cultured PMHs. Additionally, we per
formed differential gene analysis between PMHs, HEAL and 2D group, 
and from the analysis we generated 6 clusters with similar expression 
patterns. Intriguingly, protein-protein interaction (PPI) analysis of the 
DEGs reveals multiple hepatic and ribosomal genes that are down
regulated in 2D but restored to normal level in HEAL condition (as 
shown in cluster 4, Supplementary Fig. 12). Together, these findings 
suggest that the translational control and nonalcoholic fatty liver disease 
(NAFLD)-associated route may have allowed hepatospheroids in HEAL 
to maintain liver function (Supplementary Fig. 12). 

3.4. Neovascularization of HEAL constructs in vivo 

Since in vitro mini-liver reconstruction via HEAL constructs exhibits 
liver structure and function, we next assessed construct performance in 
vivo to better understand its potential for liver transplantation. HEALs 
were cultivated in vitro for 2 weeks, transplanted into a mouse, and left 
for another 2 weeks in vivo (Fig. 4A). Endogenous neovascularization is 
crucial for hepatocyte spheroid maintenance in vivo, as vasculature is 
required for oxygen and nutrients delivery and thus cell function and 
survival [51,52]. We hypothesized that the reserved interspaces be
tween layers and strands from the lattice design might assist angiogen
esis in vivo compared to conventional prints. However, angiogenesis in 
HEALs alone did not significantly differ from angiogenesis in conven
tional 3D-printed liver constructs (Supplementary Fig. 13). To address 
this issue, we modified the HEAL print design to include the hepatic vein 
and portal vein, and incorporated C166 cells into the vein prints as 
cellular building blocks (Fig. 4B and Supplementary Fig. 14). Vascular 
endothelial growth factor (VEGF) was applied to C166-laden bioink to 
promote endothelial cell proliferation. 

The fully realized HEALs displayed a 10 % increase in average neo
vessel density and a 60 % increase in total vessel length, suggesting 
enhanced angiogenesis (Fig. 4C, D, 4E and Supplementary Fig. 15). This 
improvement is likely due to the introduction of printed endothelial 
cells, and the VEGF within printed veins [53,54]. While spatial lattice 
design alone is insufficient to enhance neovascularization, the combi
nation of endotheliocyte-laden veins and spatial lattice design may work 
synergistically to promote angiogenesis in vivo. The superimposition of 
microscopy images featuring positive ALB, AAT staining, along with 
fluorescent-labeled vascular networks, provides evidence for the coex
istence of functional hepatocytes and neovessels, indicating that the 
integrated approach effectively supports both liver cell function and 
vascular growth within the 3D-printed HEAL (Fig. 4F and G). 

Noticeably, we observed endogenous neovascularization on the 
outer surface of the printed veins. Concurrently, the printed veins 
exhibited a lining of embedded cells, suggesting that the embedded 
endothelial cells had formed a confluent layer (Fig. 4H). This observa
tion implied that neovessels extensively permeated the interior of the 
transplanted HEAL prints, given that the printed veins were situated at 
the center of the HEAL construct (Supplementary Fig. 14). As the printed 
endothelial cell-laden veins served as a nidus for angiogenesis after 
transplantation, the neovessels were able to gradually infiltrate the 
interior of the transplanted HEAL, thereby enhancing nutrient and ox
ygen delivery to the implanted tissue [55]. This integration process ul
timately supported the implant’s functionality and survival, which was a 
critical aspect for the successful transplantation of bioengineered tissues 
and organs [56]. Moreover, the employment of the spatial lattice design, 
combined with the incorporation of endotheliocyte-laden veins, may 
enhance angiogenesis in vivo, ultimately leading to a more effective 

performance of the HEAL construct. We utilized IHC staining to visualize 
widespread vascularization, that positive CD31 staining displayed 
endogenous angiogenesis in vivo (Fig. 4I). In addition, IHC staining 
revealed that HEALs preserved excellent hepatic function following 
transplantation for 2 weeks (Fig. 4I, Supplementary Fig. 16). 

4. Discussion 

3D bioprinting is an efficient method to create models with bio
mimetic microenvironments pivotal for drug screening and tissue 
regeneration [57]. Over the past decade, there has been a notable in
crease in the studies of implantation and functional evaluation of bio
printed constructs using pre–clinical models [21,58,59]. However, 
clinical translation of conventional bioprinted products is hindered due 
to the challenges in fabricating large–sized, hollow tubular constructs 
and entire organs like heart and kidney. This is because the existing 
bioprinters fail to replicate the native microvasculature and are prone to 
cause collapse in larger constructs owing to gravitational forces [60]. 
Embedded bioprinting is an emerging solution to challenge as this novel 
gel-in-a-gel approach uses mechanically weak or low-viscosity bioinks to 
produce large and complex 3D constructs by mitigating the gravitational 
forces [60]. The utilization of support bath facilitates the printing of 
several complex structures, including bone [61], and heart [62]with 
enhanced shape fidelity. 

Liver is a vital and intricate organ with human body, with multiple 
functions of synthesis and secretion, drug metabolism, blood coagula
tion, and immunity. While liver transplantation serves as a practical 
solution for end-stage liver disease, its efficacy is limited by donor 
scarcity and immunological rejection. Liver tissue regenerative engi
neering has emerged as a promising strategy for the potential replace
ment of liver donors [63]. Prior studies of liver bioprinting 
predominantly relied on extrusion-based 3D bioprinting techniques, 
employing gelatin or alginate as bioinks and producing grid-shaped 
constructs constrained to small size, typically 1cm × 1 cm and 4 
layers thick [21,64,65]. The realization of large-sized organ-level liver 
bioprinting with vasculature remains elusive. In the light of this limi
tations, we propose exploring the feasibility of using the innovative 
support medium OPEN to print mini-liver with vein structures and assess 
their hepatic functions and angiogenic potential. 

We firstly customized a biomanufacturing protocol based on the 
combination of OPEN and GelMA, a one-time forming extracellular 
matrix (Fig. 1B and C). We then designed printing paths based on 
segmental liver anatomy, and printed these structures with living cells 
embedded in the GelMA ink (Fig. 1D). Representative PMHs and C166 
cells were used as the encapsulated cellular building blocks to recon
struct biologically functional HEALs with vein structures in vitro 
(Fig. 1E). Within HEAL, PMHs self-organized into hepatocyte spheroids 
in vitro, expressed multiple hepatic markers and exhibited improved 
liver function and hepatic gene expression compared to conventional 2D 
or 3D bulk cultivation conditions (Fig. 3). We then transplanted the 
bioactive HEALs into mice, and left them in vivo for two weeks (Fig. 2A). 
The hepato-spheroid encapsulated transplants promoted endogenous 
neovascularization and maintained marker protein expression from 
mature hepato-spheroids in vivo (Fig. 2B–H). HEAL transplants with 
endothelial cell-laden veins promoted in vivo neovascularization 
compared to HEALs without veins and conventional grid prints (Fig. 2E). 
Hence, our research team stands as pioneers in employing embedded 
printing techniques for liver architecture. We have effectively demon
strated that OPEN, as a novel support medium, enables the embedded 
bioprinting of 3D-HEAL with vein structures, exhibiting satisfactory 
hepatic functions in vitro and angiogenic potential in vivo post- 
transplantation. 

Despite our research achievements in 3D embedded bioprinting for 
constructing liver tissue, we are still acutely aware that the structure and 
function of HEAL with vein structures are still far from real liver. The 
liver’s complexity encompasses a highly intricate anatomical framework 
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and a diverse array of physiological functions, with hepatic lobules 
serving the building block. These lobules consist of a portal triad, he
patocytes arranged in linear cords between a capillary network, and a 
central vein. Apart from the hepatocytes, liver harbors an intricate 
network of ducts, including the Glisson system, the hepatic venous 
system and the biliary system. Thus, while reproduction of well- 
functioning hepato-spheroids and vein structures is imperative, repli
cating arterial structure and biliary ducts is equally essential yet chal
lenging. Our investigation also had limitations in exploring the 
interactions between hepatic and endothelial cells, both in vivo and in 
vitro. Additionally, we did not thoroughly investigate how modifications 
in biomaterial properties and cellular spatial arrangements might 
impact these interactions. Moreover, at the cellular level, beyond he
patocytes and endothelial cells, cholangiocytes, stellate cells, and 
various immune cells such as Kupffer, are indispensable to achieve the 
full function of liver. We anticipate further advancements in multicel
lular liver bioprinting, which could better mimic hepatic micro
architecture and functions. The realization of such goal depends on 
further improvements in bioprinting technology, including multi-nozzle 
linkage printing, and the ongoing development of bioinks and multi-cell 
co-culture system capable of supporting the growth and interaction of 
multiple cell types. 

5. Conclusion 

In summary, we developed a bulk gel support medium called OPEN, 
combined this medium with compatible bioink, and created HEAL 
constructs which retain liver function in vitro and promote neo
vascularization in vivo. The facile preparation, straightforward removal 
method, and the ease of combining OPEN with different bioinks and 
crosslinking methods make OPEN a useful tool for 3D bioprinting of 
tissues or organs. With the ongoing advancements in reprogramming 
and differentiation of human cells, our platform offers a ready-made 
route to design printing structures with a wide range of cell types in 
order to recapitulate target tissues or organs with high structural and 
functional similarities. We envision that our protocol will pave the way 
for personalized regenerative medicine that could one day serve as 
transplantable substitutes being used in organ function replacement 
surgery. 
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Abrreviations 

OPEN: omnidirectional printing embedded network 

PMHs: Primary mouse hepatocytes 
HEALs: hepatospheroid-encapsulated-artificial livers 
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